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Introduction {#sec1}
============

Cell division mode studies have been mainly carried out in the embryogenesis of the invertebrates such as *Drosophila* and *C. elegans* where self-renewal and cell fate specification of stem cells are accurately controlled ([@bib5], [@bib20], [@bib23]). Cell division modes include both symmetric and asymmetric divisions. The former can be further categorized as non-terminal symmetric divisions and terminal symmetric divisions. By non-terminal symmetric divisions, progenitor cells can generate two progenitor cells, expanding the progenitor pool. By terminal symmetric divisions, a progenitor cell produces two differentiated neurons, thus gradually depleting the progenitor pool. However, by asymmetric progenitor divisions, a progenitor generates one progenitor cell and one differentiated neuron, maintaining the progenitor pool and producing the differentiated progeny. Recent studies have shown that these cell division modes are also observed in the developing mammalian neocortex ([@bib10], [@bib28], [@bib37], [@bib41], [@bib42], [@bib43]). However, whether a similar mechanism occurs elsewhere in the mammalian CNS, such as the cerebellum, is poorly studied.

Cerebellar development exhibits a lot of unique features that are different from cerebral neurogenesis. While most cerebral neurons are generated from the ventricle zone residing in the deep layer of cortex, cerebellar granule cells are produced in the outside of the cerebellum ([@bib17]). In addition, unlike most cerebral neuronal stem cells, cerebellar granule neuronal progenitors (GNPs) are highly proliferative cells that remain active in mitosis in the external granule layer (EGL) even after birth. During the first 2--3 postnatal weeks, GNPs differentiate, exit the cell cycle, and migrate inward to form the internal granule layer, with EGL disappearing in parallel gradually. The spatiotemporal steps of proliferation and differentiation of GNPs have been described in our previous work ([@bib12], [@bib11]). Recent studies have demonstrated that sonic hedgehog (SHH) secreted by Purkinje cells can regulate the proliferation of GNPs ([@bib38]). When treated with recombinant SHH, GNPs can be induced to undergo a long-lasting proliferation, preventing them from differentiation. However, whether such effects by SHH are mediated by changes of symmetric and asymmetric divisions of GNPs has not been studied.

In this study, we performed cell division mode analyses using various GNP-specific and differentiated granule neuron (GN)-specific reporter mice and carried out fluorescence confocal or multi-photon microscopy and time-lapse image acquisition experiments in cell cultures, as well as in freshly dissected whole-mount cerebella (ex vivo). We found evidence for the existence of non-terminal symmetric divisions, terminal symmetric divisions, and asymmetric divisions by GNPs. More importantly, activation of the SHH pathway in *Patched*^+/−^ mutant mice increased proliferation and the number of GNPs by enhancing non-terminal symmetric cell divisions. On the contrary, administration of a small molecule inhibitor of the SHH pathway elicited the opposite effect, shifting the cell divisions to more asymmetric divisions. Thus, cell division mode changes mediate the regulation of GN neurogenesis governed by SHH signaling.

Results {#sec2}
=======

*Math1-GFP;Dcx-DsRed* Mice Are a Useful Model to Study Neurogenesis in the Cerebellum {#sec2.1}
-------------------------------------------------------------------------------------

To investigate cell division modes, cell fate specification, and neuronal differentiation in the cerebellum, we first introduced *Math1-GFP* and *Dcx-DsRed* mice from the Jackson Laboratory or Novartis, and then generated *Math1-GFP;Dcx-DsRed* mice by intercrossing the two lines. While MATH1 is a marker for cerebellar granule progenitors ([@bib4], [@bib24]), DCX (doublecortin) is specifically expressed by the early differentiated cerebellar GNs that just come out of the terminal mitosis ([@bib9], [@bib13], [@bib36]). With the *Math1-GFP;Dcx-DsRed* mice, both progenitors and differentiated GNs could easily been observed in vivo or in dissociated cell cultures. An example of the well-labeled cells at postnatal day 11 (P11) is shown in [Figure 1](#fig1){ref-type="fig"}. While green fluorescent staining represented progenitor cells, red fluorescent labeling showed differentiated GNs. Yellow fluorescent staining displayed cells that were at an intermediate stage before acquisition of the differentiated neuronal fate. Therefore, the *Math1-GFP;Dcx-DsRed* mouse line provides an informative system for studying temporal GN neurogenesis, including self-renewal, cell fate specification, and neuronal differentiation.

GNPs Switch Gradually from MATH1-Expressing to DCX-Expressing Cells {#sec2.2}
-------------------------------------------------------------------

To directly visualize the GNPs and differentiated GNs, we performed multi-photon microscopy of sagittal cerebellar sections prepared from *Math1-GFP;Dcx-DsRed* double reporter mice at various developmental stages ranging from P1 to P11. We observed a stepwise pattern of cerebellar neurogenesis during development. As shown in [Figure 1](#fig1){ref-type="fig"}, MATH1-positive cells were initially detectable in the EGL at P1 ([Figure 1](#fig1){ref-type="fig"}A), increased in numbers at P4 and P7 ([Figures 1](#fig1){ref-type="fig"}B and 1C), and reached a peak at P11 ([Figures 1](#fig1){ref-type="fig"}D--1G). In contrast, DCX-positive cells did not appear in the EGL until P7 and P11. In particular, many yellow fluorescent cells, a cell population co-expressing MATH1 and DCX, emerged at P11 ([Figures 1](#fig1){ref-type="fig"}D and 1E). This population appeared to represent the cells undergoing a switch from MATH1-expressing cells to DCX-expressing cells. We termed the yellow subpopulation intermediate cells; these have not been described previously.

Morphologically, we found that MATH1-GFP-positive GNPs looked like epithelioid cells based on the green and red fluorescence of *Math1-GFP;Dcx-DsRed* mice in vivo ([Figure S1](#mmc1){ref-type="supplementary-material"}A). In contrast, DCX-DSRED-positive GNs appeared more like polyhedral cells with processes ([@bib31]) ([Figure S1](#mmc1){ref-type="supplementary-material"}B), and MATH1-GFP/DCX-DSRED double-positive intermediate cells were at the stage of changing from epithelioid cells to polyhedral cells ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B), which quickly extended out processes ([Figure S1](#mmc1){ref-type="supplementary-material"}B and [Movie S1](#mmc2){ref-type="supplementary-material"}). We also found that GNPs were not stained by an antibody against neuron-glial antigen 2, which labels polydendrocytes ([@bib27]) or polyhedral cells, indicating that GNPs are not polyhedral cells ([Figure S1](#mmc1){ref-type="supplementary-material"}C).

Cerebellar GNPs Display Both Symmetric and Asymmetric Divisions In Vitro and Ex Vivo {#sec2.3}
------------------------------------------------------------------------------------

Given that the GNs originate from MATH1-positive GNPs in EGL ([@bib26]), we carried out primary cultures as previously described ([@bib12], [@bib11]) using *Math1-GFP;Dcx-DsRed* mice and recorded the cell division process using time-lapse imaging technology. The time-lapse imaging was performed for 72 hr with a fixed 6-min interval after the initial cell plating.

We adopted a practical definition to describe the different modes of cell divisions. If the fluorescence of the daughter cells is the same, the cell divisions are symmetric; if the fluorescence of the daughter cells is different, the cell divisions are asymmetric. In this way, we found that all MATH1-positive GNPs underwent symmetric divisions at P4 ([Figure 2](#fig2){ref-type="fig"}A), in which a progenitor cell was divided to generate two progenitor cells. Comparing to cell division modes in P4, we found that not all GNPs displayed symmetric divisions at P10. Among the total cell divisions identified in the time-lapse recording, 89.23% were symmetric divisions ([Figures 2](#fig2){ref-type="fig"}A and 2D and [Movie S2](#mmc3){ref-type="supplementary-material"}) and 10.77% were asymmetric divisions ([Figure 2](#fig2){ref-type="fig"}B) at P10. Unlike the common asymmetric cell division that gives rise to one progenitor daughter cell and one differentiated daughter cell, the asymmetric divisions that we observed at P10 displayed a MATH1-positive progenitor that generated a MATH1-positive daughter cell and a MATH1/DCX co-expressing daughter cell ([Figure 2](#fig2){ref-type="fig"}B and [Movie S3](#mmc4){ref-type="supplementary-material"}). This intermediate cell during the asymmetric division of GNPs in the developing cerebellum is the same as we described earlier in the sagittal cerebellar sections prepared from *Math1-GFP;Dcx-DsRed* mice at P11 ([Figure 1](#fig1){ref-type="fig"}D). To further characterize the intermediate cells, we traced these yellow cells and observed that they gradually turned from MATH1/DCX co-expression (yellow) cells to DCX-positive (red) cells ([Figure 2](#fig2){ref-type="fig"}C). Of the 79 MATH1-GFP and DCX-DSRED double-positive (yellow) progenitor cells that were traced in time-lapse recording, all yellow cells were observed to turn into red cells gradually and never underwent cell divisions ([Figure 2](#fig2){ref-type="fig"}C). Thus, the double-positive (yellow) cells represent newborn neurons, rather than transient amplifying cells or intermediate neural progenitor or precursor cells reported in the forebrain ([@bib28]). These in vitro time-lapse recording data also indicated that GNPs could undergo both symmetric and asymmetric divisions and that asymmetric progenitor divisions could be presented by a progenitor cell and an intermediate cell in the developing cerebellum.

To further confirm that symmetric and asymmetric cell divisions of GNPs exist in the developing cerebellum in vivo, we examined the progenitor divisions and the fates of their offspring cells in freshly dissected whole-mount cerebella from *Math1-GFP;Dcx-DsRed* mice by performing multi-photon time-lapse microscopy for 28--36 hr with a fixed 8-min interval. This recording system allowed us to precisely find the three modes of divisions producing the following daughter cells: two progenitors (symmetric divisions) ([Figure 3](#fig3){ref-type="fig"}A and [Movie S4](#mmc5){ref-type="supplementary-material"}), a progenitor and an intermediate cell (asymmetric divisions) ([Figure 3](#fig3){ref-type="fig"}B and [Movie S5](#mmc6){ref-type="supplementary-material"}), or two intermediate cells (another type of symmetric division) ([Figure 3](#fig3){ref-type="fig"}C and [Movie S6](#mmc7){ref-type="supplementary-material"}). These time-lapse recording data revealed that non-terminal symmetric progenitor divisions occurred frequently at P4, which is the early stage of cerebellar neurogenesis, but less frequently at P10, which is the later stage of cerebellar neurogenesis. Among the total cell divisions recorded at P10, 22.09% were non-terminal symmetric divisions ([Figure 3](#fig3){ref-type="fig"}D) and 73.58% of the total divisions were terminal symmetric divisions ([Figure 3](#fig3){ref-type="fig"}D). The rest (4.33%) were asymmetric divisions that gave rise to a progenitor cell and an intermediate cell from the MATH1-positive progenitor cell. DCX-DSRED-positive cells were not detected right after asymmetric progenitor divisions, suggesting that it is inevitable that MATH1-positive GNPs give rise to cerebellar GNs through intermediate cells during cerebellar neurogenesis and the intermediate cells are a short-time population that exists only at the very early stage of cerebellar development.

Activation of the SHH Pathway Increases the Number of Progenitor Cells by Enhancing Symmetric Cell Divisions {#sec2.4}
------------------------------------------------------------------------------------------------------------

Previous studies have shown that the SHH pathway plays an important role in cerebellar granule neurogenesis ([@bib30]). PATCHED, a SHH receptor, inhibits the SHH signal pathway by suppressing SMO. Mutation of *Patched* causes an activation of the SHH pathway ([@bib15], [@bib16]). To study whether cell division mode changes mediate the regulation of cerebellar granule neurogenesis governed by SHH signaling, we either performed cell cultures with a SHH signaling activator (C25II) or generated and characterized *Math1-GFP;Dcx-DsRed;Patched*^+/−^ compound mice by crossing the *Math1-GFP;Dcx-DsRed* mice with *Patched*^+/−^ mice ([@bib7]).

We first separated the MATH1-positive cells (green), MATH1 and DCX double-positive cells (yellow), and DCX-positive cells (red) from *Math1-GFP;Dcx-DsRed* crossed mice. We then added recombinant SHH (C25II) to the cultures of MATH1-positive cells (green) from *Math1-GFP;Dcx-DsRed* crossed mice at 0.25 μg/ml. We found that SHH (C25II) promoted the proliferation of GNPs in *Math1-GFP;Dcx-DsRed* crossed mice. The number of MATH1-GFP cells increased 18.89% compared to the control cultures. In control cultures, there were considerable numbers of MATH1 and DCX double-positive (yellow) cells and sole DCX-positive (red) cells (4.75% and 14.11%, respectively; [Figure 4](#fig4){ref-type="fig"}). In sharp contrast, no yellow and red cells were seen in the SHH-treated cultures 40 hr after the initial culture ([Figure 4](#fig4){ref-type="fig"}).

To study the involvement of cell division modes in the phenotypic changes of cerebellar neurogenesis due to SHH pathway activation in vivo, we performed multi-photon fluorescence microscopy with the freshly prepared whole-mount cerebella and then made the three-dimensional (3D) reconstruction of the cerebella from both genotypes (*Math1-GFP;Dcx-DsRed;Patched*^+/+^ and *Math1-GFP;Dcx-DsRed;Patched*^+/−^). As shown in [Figure 5](#fig5){ref-type="fig"}A and the statistical analysis in [Figure 5](#fig5){ref-type="fig"}B, compared to wild-type mice (*Math1-GFP;Dcx-DsRed;Patched*^+/+^), the number of MATH1 and DCX double-positive cells (intermediate cells, yellow) plus sole DCX double-positive cells (red) decreased by 81.10%, 63.26%, 54.07%, AND 31.63% in *Patched* mutant mice (*Math1-GFP;Dcx-DsRed;Patched*^+/−^) at the P9, P13, P16, and P21 stages, respectively, and the percentage of MATH1-positive cells (progenitor cells) in total cells increased by 25.33%, 23.67%, 29.01%, and 26.35% at P9, P13, P16, and P21, respectively. In addition, in wild-type mice, no intermediate cell was detected at P7 ([Figure S2](#mmc1){ref-type="supplementary-material"}). The in vivo findings are consistent with the in vitro data, suggesting that activation of SHH signaling enhanced the ratio of symmetric cell divisions over the total cell division by reducing the asymmetric divisions so as to delay the differentiation of progenitor cells during cerebellar neurogenesis.

Blockade of the SHH Pathway Shifts the Cell Division Modes to Asymmetric Divisions in Cerebellar GNPs in *Math1-GFP;Dcx-DsRed;Patched*^+/−^ Mice Both In Vitro and In Vivo {#sec2.5}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether blockade of the SHH pathway affects the cell division modes of GNPs, we applied cyclopamine (a SHH inhibitor) in cell cultures of GNPs. Cyclopamine ([@bib25]), a naturally occurring steroidal targeting SMO, is regarded as the gold-standard SHH pathway inhibitor ([@bib6], [@bib8]). We separated the MATH1-positive cells (green), MATH1 and DCX double-positive cells (yellow), and DCX-positive cells (red) from *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice at P9. We found that the numbers of MATH1 and DCX double-positive cells and sole DCX-positive cells increased 66.01% and 16.57% (82.58% in total), respectively, in the cyclopamine-treated cultures (10 μM) compared to the vehicle-treated ones 40 hr after the initial culture ([Figure 6](#fig6){ref-type="fig"}) to facilitate the differentiation of GNPs in *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice. Green fluorescent labeling indicates that the cell divisions are symmetric, and red fluorescent labeling or yellow fluorescent labeling show that the cell divisions are asymmetric or terminal symmetric, respectively; these findings implicate that blockade of the SHH pathway by cyclopamine inhibits the non-terminal symmetric progenitor cell divisions and enhances asymmetric progenitor cell divisions and terminal neuronal symmetric divisions.

To confirm the in vitro data that SHH signaling modulates development of the cerebellum by regulating the cell division modes of progenitor cells, we applied cyclopamine, the SHH signaling inhibitor, in *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice in vivo. We observed a reversing shift from symmetric to asymmetric cell divisions in these mice. As shown in [Figure 7](#fig7){ref-type="fig"}, we injected 10 mg/kg of cyclodextrin-associated cyclopamine or cyclodextrin alone as a carrier intraperitoneally in pregnant *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice from E16 (embryo at day 16) on until P21 ([@bib16], [@bib40]) every 3 days. The percentage of progenitor cells (green cells) decreased by 4.93%, 17.58%, 33.67%, and 40.00% in *Patched* mutant mice that received cyclopamine at P9, P13, P16, and P21, respectively, compared to mice that received the carrier. Compared with the carrier-treated ones, the total number of red and yellow populations that represent differentiated GNs was significantly increased by 87.50%, 97.72%, 60.74%, and 30.58% at P9, P13, P16, and P21, respectively, in the cyclopamine-treated animals ([Figure 7](#fig7){ref-type="fig"}). These data suggest that asymmetric cell divisions are enhanced and the shift to symmetric divisions in the mutant cerebella is reversed by suppression of activated hedgehog signaling during cerebellar granule neurogenesis in the *Patched* mutant mice.

Activation of SHH Signaling Alters the Angles of Spindle Orientation of Dividing GNPs {#sec2.6}
-------------------------------------------------------------------------------------

To explore possible cellular mechanism for the changes of cell division modes regulated by SHH, we performed immunostaining using PH3 as a marker to define the mitosis and spindle orientation angles of dividing GNPs. As shown in [Figure S3](#mmc1){ref-type="supplementary-material"}A, compared to wild-type, *Patched* mutant transgenic mice showed thickened EGL as reported ([@bib16], [@bib39]). We found that activation of SHH signaling can change the spindle orientation angles of GNP divisions ([Figures S3](#mmc1){ref-type="supplementary-material"}B--S3D). Spindle orientation was analyzed at P11. In control wild-type cerebella, 20.7% of the spindle orientation were at angles between 0° and 30° relative to the EGL pial surface, 31.0% were at angles between 30° and 60°, and 48.3% were at angles between 60° and 90° ([Figure S3](#mmc1){ref-type="supplementary-material"}C). In contrast, in *Patched* mutant mouse cerebella, in which SHH signaling is activated, 30.2% of the spindle orientation were at angles between 0° and 30°, 41.3% were at angles between 30° and 60°, and 28.5% were at angles between 60° and 90° ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Statistical analysis indicated that these changes were significant ([Figure S3](#mmc1){ref-type="supplementary-material"}D). Thus, SHH alters cell division modes by inducing spindle orientation changes.

Discussion {#sec3}
==========

Using time-lapse imaging both in vitro and ex vivo and GNP-specific and differentiated GN-specific promoter-driven reporter mice, the present study demonstrated that both symmetric and asymmetric divisions play an important role during cerebellar granule neurogenesis. More importantly, by using a SHH signaling inhibitor, cyclopamine or *Patched* mutant mice, we showed that a balance between asymmetric divisions and symmetric divisions is critical for the regulation of cerebellar granule neurogenesis. While activation of the SHH pathway promotes symmetric divisions, inhibition on the SHH pathway enhances asymmetric divisions of the GNPs. Disregulation of SHH signaling causes a shift from asymmetric division to symmetric division, and such a shift between the two cell division modes can be reversed by administration of the SHH inhibitor cyclopamine. Using PH3, a mitosis marker, we demonstrated that activation of SHH signaling changes cell division modes by altering the angles of spindle orientation of dividing GNPs. Taken together, our work indicates that an appropriate regulation of cell division modes is critical for normal cerebellar granule neurogenesis ([Figure S4](#mmc1){ref-type="supplementary-material"}).

One beauty of our study is that we generated a *Math1-GFP;Dcx-DsRed* double reporter mouse strain to study division modes of GNPs and the cell fate determination process of GNs directly. *Math1* is the murine homolog of the gene *Atoh1* in *Drosophila* ([@bib1], [@bib3], [@bib18]), and it encodes the basic helix-loop-helix transcription factor that is required in the specification of GNPs in the cerebellar EGL ([@bib4]). In this *Math1-GFP* mouse line, GFP is detected in the GNPs in the developing cerebellum ([@bib24]). However, *Dcx*, a differentiated GN marker, was used as a promoter to drive DSRED expression in DCX-specific cells in *Dcx-DsRed* transgenic mice ([@bib36]). DCX is a microtubule-associated protein that is developmentally regulated in neuronal differentiation and migration ([@bib9]), DCX is also required in cerebellar development ([@bib13]). Fluorescence micrographs of cerebellar sections of *Math1-GFP;Dcx-DsRed* mice clearly show that MATH1 and DCX are expressed sequentially by progenitors and differentiated cells. This double reporter mouse line provides us with a powerful and reliable tool to study the neurogenesis of cerebellar development in detail and allows us to keep track of the cerebellar GNPs and their neuronal progenies. In particular, our study suggests that this mouse line appears to be an ideal system for the examination of cell division modes of cerebellar GNPs.

The cells division modes of GNPs in the developing cerebellum are similar to those in the developing cerebrum ([@bib28], [@bib34]) or the CNS of *D. melanogaster* ([@bib2]), but they exhibit differences. In the mammalian cerebrum, neurogenic radial glia progenitors divide asymmetrically to produce a progenitor and a neuron or to produce a progenitor and an intermediate progenitor cell (IPC) that subsequently divides symmetrically to generate two daughter differentiated cells ([@bib28]). In *D. melanogaster* development, neuroblasts (analogous to murine cerebellar progenitor cells) also undergo two types of asymmetric cell division. One type is that neuroblasts divide asymmetrically to self-renew and generate a ganglion mother cell that subsequently divides to generate two neurons or two glial cells. The other type is that neuroblasts divide to produce a progenitor and an IPC that subsequently divides to generate a progenitor and a neuron or a glial cell ([@bib2]). The cell division modes of the cerebellar GNPs that we report here resemble type 1 asymmetric cell divisions of neuroblasts during *D. melanogaster* development with a difference. On one hand, the MATH1 and DCX co-expressing cells, which we termed intermediate cells, undergo asymmetric divisions and subsequently generate a differentiated cell. Morphologically, the MATH1-GFP and DCX-DSRED double-positive intermediate cells change gradually from epithelioid cells to polyhedral cells with processes. On the other hand, unlike *D. melanogaster* neuroblasts ([@bib33]), progenitor cells in the mammalian cerebellum can also go through terminal symmetric divisions, producing two differentiated cells. In addition, of the 79 MATH1-GFP and DCX-DSRED double-positive intermediate cells examined in time-lapse recording, all turned into red cells gradually and never underwent cell divisions, indicating that they are newborn neurons in the process of differentiation, rather than transient amplifying cells or intermediate neural progenitor or precursor cells identified in the forebrain ([@bib28]). Our experiments in GNP cell cultures and freshly dissected whole-mount cerebella clearly show that intermediate cells may represent a key step for the generation of the terminally differentiated cerebellar GNs.

A direct and vivid method to follow the progenies of GNPs is to combine both time-lapse imaging and cell-specific promoter-driven report mice. In the present study, we first generated primary cultures of dissociated GNPs from *Math1-GFP;Dcx-DsRed* mice and performed time-lapse recording in the GNP cultures for up to 72 hr after the initial plating. We found that MATH1-positive progenitors can either produce two identical GNPs or generate one GNP and one intermediate cell, which in turn gradually becomes a GN. We then conducted time-lapse 3D imaging acquisition and analysis, which allowed us to explore cerebellar neurogenesis ex vivo in great detail. Consistently, we observed that one MATH1-positive GNP can generate two GNPs by symmetric divisions, one GNP and one intermediate cell, or two intermediate cells. All intermediate cells then gradually turn into GNs. These time-lapse imaging data together vividly show that GNPs can renew themselves by either symmetric or asymmetric division and can produce intermediate cells that in turn become GNs. There is a process of change from intermediate cells to GNs that is marked by downregulation of MATH1 and upregulation of DCX. Therefore, such a time-lapse imaging acquisition technique provides a more dynamic view of the history of the GNPs in cerebellar development than the snapshot view of the developmental status of GNPs by an immunostaining technique.

In this study, we generated *Math1-GFP;Dcx-DsRed;Patched*^+/−^ triple-compound mice to investigate the effect of SHH signaling on cell divisions of progenitors. In this compound mouse line, 14%--20% of mice heterozygous for the *Patched* mutation developed tumors as *Patched* homozygous mice died during embryogenesis ([@bib16], [@bib19], [@bib29], [@bib39]). Although it is well known that SHH signaling is associated with the transformation of GNPs in the developing cerebellum, little work has been done on the early stages of the neurogenesis in *Patched* heterozygous mice. The present work indicates that there is a change from asymmetric division to symmetric divisions of the GNPs due to activation of the SHH pathway, which contributes to the development of medulloblastomas ([@bib16]). Support for such a shift of the cell division modes triggered by activation of the SHH pathway comes from a recent work in the developing chicken spinal cord ([@bib32]). Given that SHH pathway inhibitors have been shown to be effective in the treatment of medulloblastomas, identification of new molecules, in addition to the inhibitors of the SHH pathway that can restore the asymmetric divisions of the medulloblastomas, may have therapeutic value and are worthy of future study. Furthermore, considering that treatments of CNS diseases and tumorigenesis usually require repair or restoration of the disregulation of a specific process during neurogenesis, our findings of cell division mode modulation of GNPs in normal and *Patched* mutant mice might shed new light on strategies for therapy of cerebellar diseases in the future.

Experimental Procedures {#sec4}
=======================

Animals {#sec4.1}
-------

*Math1-GFP* transgenic mice ([@bib24]) were provided by Novartis. *Dcx-DsRed* mice (strain name: C57BL/6J-Tg(*Dcx-DsRed*)14Qlu/J, stock number: 009655) and heterozygous *Patched* (*Patched*^+/−^) mice (strain name: STOCK *Ptch1*^tm1Mps^/J, stock number: 003081) ([@bib16]) were obtained from the Jackson Laboratory. *Math1-GFP;Dcx-DsRed* mice were generated by crossing *Math1-GFP* mice with *Dcx-DsRed* mice. *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice were generated by crossing *Patched* heterozygotes with *Math1-GFP;Dcx-DsRed* mice, confirmed with green and red fluorescence, and genotyped using the following primers for *Patched* mutant mice:5′-CAC-GGG-TAG-CCA-ACG-CTA-TGT-C-3′ (reverse)5′-GCC-CTG-AAT-GAA-CTG-CAG-GAC-G-3′ (forward)

All mice were maintained in the Specific-Pathogen-Free Animal Research Centre of Renji Hospital, and all experiments were approved by the Animal Research Ethics Committee of Renji Hospital, School of Medicine, Shanghai Jiao Tong University.

Isolation and Culture of Cerebellar GNPs {#sec4.2}
----------------------------------------

Cerebella from P4 or P10 crossed mice were dissected and enzymatically dissociated using papain (Sigma) as described previously ([@bib21], [@bib38]). Briefly, cerebellar tissue was incubated in 10--12 U/ml of activated papain solution plus 32 mg/ml of DNase in DMEM F-12 (Gibco) with rocking for 30 min at room temperature. The tissue was rinsed three times with DMEM F-12 and triturated with a fire-polished glass Pasteur pipette to generate a single-cell suspension. After a single-cell suspension was obtained, cells were plated on coverslips coated with poly-D-lysine (Sigma). Cells were cultured in Neurobasal medium (Invitrogen) supplemented with B-27 (Gibco) ([@bib22]).

Cerebellar Slices {#sec4.3}
-----------------

Cerebella were harvested from *Math1-GFP;Dcx-DsRed* mice, embedded in 4% low-melting agarose in liquid Eagle's with Hank's salts and 25 mM HEPES (Gibco), and sectioned at 300 μm using a vibratome (Leica VT1000S). Cerebellar slices were then transferred into 100-ml culture medium containing: 0.5 ml of penicillin/streptomycin solution (stock concentration: 100 U/0.1 mg/ml), 60 mg of Tris (hydroxymethyl) aminomethane (final concentration: 10 mM), 455 μl of a 7.5% NaHCO~3~ aqueous solution, 25 ml of heat-inactivated horse serum, and 25 ml of 1× Hank's balanced salt solution. Slice cultures were maintained in a humidified incubator at 37°C with a constant 5% CO~2~ supply.

Time-Lapse Video Recording {#sec4.4}
--------------------------

Progenitor cell fate and neuronal differentiation were tracked in vitro using time-lapse video recording. Cells were isolated from *Math1-GFP;Dcx-DsRed* crossed mice, placed into a glass-bottom Petri dish, and maintained in a humidified incubator at 37°C with a constant 5% CO~2~ supply. After plating 10 hr, the Petri dish with cells was transferred to a confocal microscope (Nikon) and time-lapse images were acquired with a charge-coupled device (CCD) camera connected to the time-lapse video recorder every 6 min for up to 4 days.

Similarly, progenitor divisions and daughter cell fate determination experiments ex vivo were pursued by 3D reconstruction from multi-photon fluorescence microscope images using time-lapse microscopy (Nikon). Cerebella were harvested from *Math1-GFP;Dcx-DsRed* mice. A Petri dish with freshly dissected whole-mount cerebella was transferred to a multi-photon fluorescence microscope (Nikon), and time-lapse images were acquired with a CCD camera connected to the time-lapse video recorder every 8 min for 28--36 hr ([@bib14]). The wavelengths of excitation and emission were 488 and 515 nm, respectively, for GFP and 568 and 590 nm, respectively for DSRED.

SHH and Cyclopamine Treatment {#sec4.5}
-----------------------------

Recombinant mouse SHH (C25II) N terminus (R&D Systems) was applied at a concentration of 0.25 μg/ml for SHH treatment in vitro. Cyclopamine (Selleckchem) was dissolved in ethanol at 10 mM for a stock for cell culture experiments or in PBS containing 45% of 2-hydroxylpropyl-β-cyclodextrin (Sigma) at 1 mg/ml by incubation at 65°C for 1 hr for mouse injections ([@bib35]). Aliquots were stored at −20°C until use. For cell culture, the working concentration of cyclopamine was 10 μM. For mouse injections, animals were first injected at E16 and then every other 2 days after birth with 10 mg/kg of cyclopamine or the carrier alone.

Flow Cytometry {#sec4.6}
--------------

Cells dissociated from *Math1-GFP;Dcx-DsRed* or *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice were digested in papain (Sigma) after 5--10 min and resuspended in single cells. Three independent populations with GFP, DSRED, or GFP/DSRED co-expressing fluorescence were analyzed on a BD FACSAria II cytometer (Becton Dickinson) using standard flow cytometry.

Statistic Analysis {#sec4.7}
------------------

The symmetric and asymmetric division ratio, cell proliferation, and differentiation were analyzed statistically using Student's t test and presented as the mean ± SEM of at least three independent experiments. A two-sided probability value less than 0.05 was considered statistically significant. All plots and data analysis were performed by using Prism GraphPad5.
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====================
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Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures, Figures S1--S4Movie S1. The Morphological Change of MATH1-GFP and DCX-DSRED Double-Positive Intermediate Cells, Related to Figure S1A 2.5-h time-lapse sequence of live images for MATH1-GFP and DCX-DSRED double positive intermediate cells shows that neuronal processes (indicated by small white arrows) extend gradually from yellow intermediate cells (indicated by yellow arrows), indicating that MATH1-GFP/ DCX-DSRED double positive intermediate cells are morphologically at the stage of changing from epithelioid cells to polyhedral cells.Movie S2. Representative Symmetric Division of GNP Cells In Vitro, Related to Figure 2Symmetric division generating two MATH1-GFP daughter progenitors from a MATH1-GFP mother cell was captured by time-lapse recording in cultured granule neuron progenitor cells from *Math1-GFP;Dcx-DsRed* mice (P10). A 1.5-h time-lapse sequence of live image shows that a MATH1-GFP cell on the right (blue arrow) undergoes a symmetrically division.Movie S3. Representative Asymmetric Division of GNP Cells In Vitro, Related to Figure 2A 1.5-h time-lapse sequence of live images shows that a MATH1-GFP mother cell from *Math1-GFP;Dcx-DsRed* mice (P10) undergoes an asymmetric division, generating one MATH1-GFP progenitor cell (blue arrow) and one intermediate cell (white arrow) which co-expressing MATH1 and DCX.Movie S4. Representative Non-terminal Symmetric Division of GNP Cells Ex Vivo, Related to Figure 3A 1.5-h time-lapse sequence of live images for granule neuron progenitor cells shows that a MATH1-GFP cell on the left (blue arrow) undergoes symmetric division, generating two MATH1-GFP progenitors (blue arrow).Movie S5. Representative Asymmetric Division of GNP Cells Ex Vivo, Related to Figure 3A 1-h time-lapse live image recording shows that a MATH1-GFP cell on the left (blue arrow) undergoes an asymmetric division, generating one MATH1-GFP progenitor (blue arrow) and one MATH1 and DCX co-expressing cells (white arrow).Movie S6. Representative Terminal Symmetric Division of GNP Cells Ex Vivo, Related to Figure 3A 2-h time-lapse live image recording shows that a MATH1-GFP cell (blue arrow) undergoes terminal symmetric division, generating two DCX-DSRED differentiated cells (red).Document S2. Article plus Supplemental Information
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![Characterization of *Math1-GFP;Dcx-DsRed* Mice\
*Math1-GFP;Dcx-DsRed* mice strains were developed by crossing transgenic *Math1-GFP* and transgenic *Dcx-DsRed* mice. Cerebellar slices shown in P1 (postnatal day 1) (A), P4 (B), P7 (C), and P11 (D--G) indicate that progenitor cells are present in EGL at P1, increase in numbers at P4 and P7, and reach the number peak at P11, which is consistent with previous reports. MATH1 refers to cerebellar progenitor cells, and DCX is a biomarker of differentiated cells. MATH1 and DCX co-expressing cells represent a cell population at an intermediate stage of differentiation, undergoing a switch from MATH1-expressing cells to DCX-expressing cells, which are termed intermediate cells.\
See also [Figure S1](#mmc1){ref-type="supplementary-material"}.\
Scale bars, 60 μm for (A--D), (F), and (G) and 200 μm for (E).](gr1){#fig1}

![Cerebellar Granule Progenitors Undergo Both Symmetric and Asymmetric Divisions In Vitro\
(A) Symmetric division generating two MATH1-GFP daughter progenitors from a MATH1-GFP mother cell was captured by time-lapse recording in cultured GN progenitor cells from *Math1-GFP;Dcx-DsRed* mice (P10). Fourteen selected frames were cropped from a 1.5-hr time-lapse sequence of live image in [Movie S2](#mmc3){ref-type="supplementary-material"}. Images show that a MATH1-GFP cell on the right (blue arrow) undergoes symmetric division.\
(B) Images show that a MATH1-GFP mother cell from *Math1-GFP;Dcx-DsRed* mice (P10) undergoes asymmetric division, generating one MATH1-GFP progenitor cell (blue arrow) and one intermediate cell (white arrow) co-expressing MATH1 and DCX. Fifteen selected frames are shown from [Movie S3](#mmc4){ref-type="supplementary-material"}, a 1.5-hr time-lapse sequence.\
(C) A MATH1 and DCX co-expressing cell (blue arrow) from *Math1-GFP;Dcx-DsRed* mice (P10) was tracked to show the change gradually into a DCX-expressing cell. Seven selected frames are shown, a 40-hr time-lapse sequence. Scale bars, 20 μm.\
(D) Statistical analyses from (A) and (B) show that the ratio of symmetric-to-asymmetric division is 89.23%:10.77% at P10, while all progenitor cells undergo symmetric division at P4 (images not shown).\
The data we collected were from 102 dividing cells, which were traced from three independent experiments. Data are shown as mean ± SEM. ^∗^p \< 0.05, referring to the number of symmetric divisions at P4 versus P10.\
See also [Movies S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.](gr2){#fig2}

![Cerebellar Granule Progenitors Undergo Both Symmetric and Asymmetric Divisions Ex Vivo\
(A) Ten selected frames from [Movie S4](#mmc5){ref-type="supplementary-material"}, a 1.5-hr time-lapse sequence of GN progenitor cells. Images show that a MATH1-GFP cell on the left (blue arrow) undergoes symmetric division, generating two MATH1-GFP progenitors (blue arrow).\
(B) Eight selected frames from [Movie S5](#mmc6){ref-type="supplementary-material"}, a 1-hr time-lapse sequence. Images show that a MATH1-GFP cell on the left (blue arrow) undergoes asymmetric division, generating one MATH1-GFP progenitor (blue arrow) and one MATH1 and DCX co-expressing cells (white arrow).\
(C) Sixteen selected frames from [Movie S6](#mmc7){ref-type="supplementary-material"}, a 2-hr time-lapse sequence. Images show that a MATH1-GFP cell (blue arrow) undergoes symmetric division, generating two MATH1-GFP progenitors (blue arrow). Subsequently, one MATH1-GFP cell on the bottom (blue arrow) slowly turns to yellow (white arrow). Afterward, another MATH1-GFP cell on the top gradually becomes a yellow cell (white arrow). Lastly, both yellow cells change to red, indicating that progenitor cells undergo terminal symmetric division, which is different from the non-terminal symmetric division in (A). Scale bars, 10 μm.\
(D) Statistical analysis shows that the ratio of non-terminal symmetric-to-asymmetric-to-terminal symmetric division was 22.09%:4.33%:73.58% at P10, while all progenitor cells undergo symmetric division at P4 (images not shown).\
The data we collected were from 77 dividing cells, which were traced from three independent experiments. Data are shown as mean ± SEM. ^∗∗∗^p \< 0.001, referring to the number of non-terminal symmetric divisions at P4 versus P10.\
See also [Movies S4](#mmc5){ref-type="supplementary-material"}, [S5](#mmc6){ref-type="supplementary-material"}, and [S6](#mmc7){ref-type="supplementary-material"}.](gr3){#fig3}

![SHH Promotes Proliferation of MATH1-GFP Cells Isolated and Cultured from *Math1-GFP;Dcx-DsRed* Mice In Vitro\
SHH (C25II), an activator of SHH pathway, was applied at 0.25 μg/ml to the cultures of MATH1-GFP cells sorted from the cerebella of *Math1-GFP;Dcx-DsRed* mice (P9) by flow cytometry. MATH1-GFP-positive, MATH1 and DCX double-positive, and DCX-positive cells were detected and compared at 0 and 40 hr after drug treatment.\
(A) Flow cytometry analysis shows that each population of MATH1-GFP-positive, MATH1 and DCX double-positive, and DCX-positive cells was well separated.\
(B and C) There were 4.75% MATH1 and DCX double-positive (yellow) cells and 14.11% sole DCX-positive (red) cells in control cultures. Compared to control cultures, SHH increase the number of MATH1-GFP nearly to 18.86%, and virtually no MATH1 and DCX double-positive cells or DCX-positive cells were found after 40 hr, indicating that SHH prevented the progenitor cells from differentiation.\
The data we collected are from four randomly selected visual fields of the culture in each group from three independent experiments. Scale bars, 100 μm. Data are shown as mean ± SEM. ^∗^p \< 0.05, referring to the number of MATH1-positive cells treated with SHH versus vehicle.](gr4){#fig4}

![Activation of SHH Pathway Enhances Symmetric Divisions in the Neonatal Cerebellum Ex Vivo\
(A) A *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice strain was developed by crossing *Math1-GFP;Dcx-DsRed* mice and *Patched*^+/−^ mice. *Patched1*, a key factor of SHH pathway, was mutated in *Patched*^+/−^ mice, resulting in activation of hedgehog signaling. 3D images of the cerebella were captured from *Math1-GFP;Dcx-DsRed;Patched*^+/+^ mice (a--d) or *Math1-GFP;Dcx-DsRed;Patched*^+/−^ (a′--d′) mice at P9, P13, P16, and P21, respectively. Scale bars, 100 μm.\
(B) Percentages of MATH1-positive cells (green), MATH1 and DCX double-positive cells (yellow), and DCX-positive cells (red) were calculated and compared between the two mouse strains. The results indicate that the percentage of MATH1-positive cells (progenitor cells) over the total cells increased by 25.33%, 23.67%, 29.01%, and 26.35% in *Patched* mutant mice at P9, P13, P16, and P21, respectively, while the number of MATH1 and DCX double-positive cells (intermediate cells, yellow) plus sole DCX double-positive cells (red) decreased significantly in the *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice. M+D+P^(+/+)^, *Math1-GFP;Dcx-DsRed;Patched*^+/+^ mice; M+D+P^(+/−)^, *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice.\
The data were collected from three animals for *Math1-GFP;Dcx-DsRed;Patched*^+/+^ mice and from five animals for *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice. Data are shown as mean ± SEM. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, referring to the number of MATH1-positive cells in *Math1-GFP;Dcx-DsRed;Patched*^+/+^ versus *Math1-GFP;Dcx-DsRed;Patched*^+/−^ compound mice at P9, P13, P16, and P21.\
See also [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![Cyclopamine Largely Reverses Cell Division Mode Shift of GNPs from *Math1-GFP;Dcx-DsRed;Patched*^+/−^ Mice In Vitro\
Cyclopamine, an inhibitor of the SHH pathway, was applied at 10 μM to the cultures of MATH1-GFP cells sorted from the cerebella of *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice by flow cytometry. MATH1-GFP-positive, MATH1 and DCX double-positive, and DCX-positive cells were detected and compared at 0 and 40 hr after drug treatment.\
(A) Flow cytometry analysis shows that each population of MATH1-GFP-positive, MATH1 and DCX double-positive, and DCX-positive cells was well separated.\
(B and C) Compared to the vehicle, cyclopamine increases the combined number of MATH1/DCX double-positive cells and DCX double-positive cells to 82.58% after 40 hr.\
The data we collected are from four randomly selected visual fields of the culture in each group from three independent experiments. Scale bars, 100 μm. Data are shown as mean ± SEM. ^∗∗∗^p \< 0.001, referring to the number of DCX-positive cells and MATH1/DCX double-positive cells treated with cyclopamine versus vehicle.](gr6){#fig6}

![Blockade of SHH Pathway Largely Reverses the Cell Division Mode Shift of GNPs in *Math1-GFP;Dcx-DsRed;Patched*^+/−^ Mice Ex Vivo\
(A) Cyclodextrin-associated cyclopamine, an inhibitor of hedgehog signaling, was applied to the transgenic mother mice starting at E16 until P21 every 3 days by intraperitoneal injection at 10 mg/kg (a′--d′). Cyclodextrin alone was used as a carrier (a--d). 3D images of the cerebellum were recorded from *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice at P9, P13, P16, and P21, respectively. Scale bars, 100 μm.\
(B) Percentages of MATH1-positive cells (green), MATH1 and DCX double-positive cells (yellow), and DCX-positive cells (red) were calculated and compared between the carrier and the cyclopamine-treated mice (cyc). The results indicate that the percentages of MATH1-positive cells (progenitor cells) decreased by 4.93%, 17.58%, 33.67%, and 40.00% in *Patched* mutant mice by injection of cyclopamine at P9, P13, P16, and P21, respectively, whereas the number of DCX-positive and MATH1/DCX double-positive cells increased significantly in the cyclopamine-treated mice, indicating that the shift of division modes from asymmetric to symmetric divisions was largely reversed by inhibition of hedgehog signaling during neurogenesis.\
The data we collected are from five animals for *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice and from three animals for cyclopamine-treated *Math1-GFP;Dcx-DsRed;Patched*^+/−^ mice. Data are shown as mean ± SEM. ^∗^p \< 0.05, referring to the number of MATH1-positive cells in the *Patched*^+/−^ compound mutant mice treated with cyclopamine versus carrier at P9, P13, P16, and P21, respectively.](gr7){#fig7}
